Based on crystal-and ligand-field theory, double-spin-orbital coupling approach was used to analyze the crystal-field energy levels and spin-Hamiltonian parameters of Ni 2+ ion at trigonal site in CdBr 2 . The local lattice distortion (∆R and τ Ni 2+ ) is estimated from the crystal field parameters; the crystal field energy Hamiltonian was diagonalized in the full basis consisting of 45 wave functions of the Ni 2+ ion. Results of calculations are in good agreement with experimental data. The reasonableness of the theoretical results is discussed.
Introduction
CdBr 2 is an important metal dihalide compound in which the Cd 2+ plane is sandwiched between two Br − anions planes (see Fig. 1 ) [1, 2] . Its crystal structure is rhombohedra and it belongs to the space group D 5 3d [1, 2] . Because there are good transparent and dielectric characteristics of CdBr 2 crystal, various theoretical and experimental methods were used to study its physical and chemical properties and microstructure [3] [4] [5] . The optical and electron paramagnetic resonance (EPR) spectra [i.e., the spin-Hamiltonian (SH) parameters including the anisotropic g factors and zero-field splitting D] of CdBr 2 :Ni 2+ was measured for the substitutional Ni 2+ center [4, 5] . Since the SH parameters of paramagnetic ions depend sensitively on the structural parameters R and θ, it will be useful to determine these parameters with a transition-metal ion as the probe. The EPR study of Ni 2+ ions in CdBr 2 has been done by Fang et al. [6] . They calculated the EPR parameters with the high-order perturbation formulae. As much as we know, however, there is no unified theoretical analysis for both optical and EPR spectra of these experimental data of CdBr 2 :Ni 2+ crystal. The lattice structure data of these impurity centers have not been acquired yet by the unified calculation method. In fact, since the spin-orbit coupling coefficient of the ligand Br − (e.g. ζ 0 p = 2460 cm −1 [7] ) is bigger than that of the central * corresponding author; e-mail: gongjt08@163.com [8] ), the ligand influence should be included in the analysis of the optical and EPR spectra data. In this work, the full energy matrix based on the basis consisting of 45 wave functions of the Ni 2+ ion are established and then applied to Ni 2+ center in CdBr 2 crystal. In the calculations, the contributions from the ligands p orbitals and the local angle distortions due to the mismatch of ionic radius between the host and impurity are taken into account with the double-spin-orbit coupling approach. 
Calculations

Double-spin-orbital coupling approach model
According to the molecular orbital (MO) theory, the single electron wave function can be reasonably well described by the following form:
where γ = t 2g or e g is the irreducible representation of the O h group. |d γ is a metal orbital and |p γ is a symmetry-adapted linear combination of valence orbital of the involved ligand. N γ and λ γ are, respectively, the normalization coefficients and the mixing coefficients of the atomic orbits.
Using the double-spin-orbit coupling approach, the spin-orbit coupling operator for two-electron Hamiltonian (H SO ) is taken as
Here the first term corresponds to spin-orbit coupling effect of the central ion while the second term refers to that of the ligand. The MO coefficients N γ and λ γ can be estimated by a semi-empirical method [9] . According to this method, the approximation relation and the normalization correlation can be given as
where B/B 0 is the rate between the electrostatic Coulomb energy of the transition-metal ions in the crystal and of the free ions. S dp (γ) is the group overlap integral of d γ and p γ orbitals.
The full energy matrix and EPR (SH parameters) formulae
For a 3d 8 ion in a trigonal crystal field, the full energy Hamiltonian can be written as [8] ) are the Racah electrostatic parameters characterized with the electrostatic Coulomb interaction as mentioned above, the crystal field and the spin-orbit Hamiltonian of the central--metal ion (3d) and the ligand ion (4p) interactions, respectively.
Based on the double-spin-orbit coupling approach, the two spin-orbit parameters ζ + , ζ − and two orbital reduction factors k + , k − can be written as [10, 11] :
Considering the equivalence between the SH parameters and the Zeeman terms, we have The trigonal field parameters Dτ and Dσ in the energy matrix are calculated from the Newman superposition model [12] . From the model, for the trigonal d n ions in octahedral, we have
in which the intrinsic parametersĀ 2 (R) andĀ 4 (R) are related to the reference distance R. R value can be estimated from the empirical formula R ≈ R h + (r i − r h )/2 [13, 14] . From literature [1, 15] , we have the bond length of the host crystal (R h ≈ 2.71 Å), the radius of the impurity Ni 2+ (r i (Ni 2+ ) ≈ 0.69 Å), the radius of the host ion Cd 2+ (r h (Cd 2+ ) ≈ 0.97 Å), thus, R ≈ 2.57 Å can be obtained. For a d n ion in octahedral complex, A 4 (R 0 ) ≈ (3/4)Dq [16] [17] [18] [19] , where Dq is the cubic field parameter which is often obtained from the optical spectra of the studied system. Dq ≈ 640 ÷ 720 cm −1 [4] is found for (NiBr 6 ) 4− octahedra in crystals, we take Dq ≈ 660 cm −1 here. By studying the optical and EPR spectra for 3d n ions in many crystals, the ratiō A 2 (R)/Ā 4 (R) is found to be in the range of 8÷12 [16] [17] [18] [19] [20] [21] , we takeĀ 2 (R)/Ā 4 (R) = 9. The group overlap integrals S dp (e g ) ≈ 0.0269332 and S dp (t 2g ) ≈ 0.0079138 are obtained from the Slater-type SCF functions [22, 23] and the metal-ligand distance R.
Thus, in the full energy matrix of 3d 8 electronic configurations, there are only two unknown or adjustable parameters θ and B. They can be obtained by matching the calculated optical spectra and SH parameters (g , g ⊥ , and D) to the experimental values. From the calculations using the full energy matrix with the double-spin-orbit coupling approach, we obtain for (NiBr 6 ) 4− cluster in
The coefficient N γ and the parameters in Eq. (3) calculated from the above λ γ are collected in Table I . The comparison between the calculated and experimental optical spectra and SH parameters are shown in Table II  and Table III . a Taking no account of the effect of the ligand.
b Taking account of the effect of the ligand.
TABLE I
The group overlap integral, the molecular orbital coefficients and orbital reduction factors for CdBr2:Ni 2+ crystal.
S dp (eg) S dp (t2g) 
Discussions and results
(a) If we assume that the S dp (γ) = 0, λ γ = 0 and ζ p = 0, which the case is for the single-spin-orbit coupling, from Table II, the calculation a shows that the theoretical results are in poor agreement with the experimental values if without regard to the effect of the ligand. In fact, the mixing parameter λ γ (about 0.38) in Table I also shows that the contribution from the ligand cannot be omitted.
(b) From Table II and III, the sign of zero-field splitting D is suggested as negative. According to the approximate relation D = − ζ d 4 (g −g ⊥ ) for 3d 8 electron configurations in trigonal symmetry [24] , the ζ d > 0 and g-shift ∆g = g − g ⊥ > 0, thus, the negative sign of D can be regarded as reasonable.
(c) Because the ionic radius and electronegative property of Ni 2+ are different from those of the Cd 2+ , therefore the Ni 2+ in the bromine octahedral has a small change of the lattice structure. The shift of bond length ∆R (≈ R − R h ) ≈ −0.14 Å, and bond angle distortion τ Ni 2+ (≈ θ − θ h = 54.814 − 57.30
• [1] ) ≈ −2.486
• can be obtained from the investigation. This case shows that the CdBr 2 :Ni 2+ crystal possesses a compressed distortion comparing with the host CdBr 2 .
